Harding University

Scholar Works at Harding
Biology Department Faculty Research and
Publications

Biology

7-2014

Auxin Input Pathway Disruptions Are Mitigated by
Changes in Ausin Biosynthetic Gene Expression in
Arabidopsis
Gretchen M. Spiess
University of Missouri-St. Louis

Amanda Hausman
University of Missouri-St. Louis

Peng Yu
University of Minnesota-St. Paul

Jerry D. Cohen
University of Minnesota-St. Paul

Rebekah A. Rampey
Harding University, rrampey@harding.edu
See next page for additional authors

Follow this and additional works at: https://scholarworks.harding.edu/biology-facpub
Part of the Biology Commons
Recommended Citation
Spiess, G. M., Hausman, A., Yu, P., Cohen, J. D., Rampey, R. A., & Zolman, B. K. (2014). Auxin Input Pathway Disruptions Are
Mitigated by Changes in Ausin Biosynthetic Gene Expression in Arabidopsis. Plant Physiology, 165 (3), 1092-1104. http://dx.doi.org/
10.1104/pp.114.236026

This Article is brought to you for free and open access by the Biology at
Scholar Works at Harding. It has been accepted for inclusion in Biology
Department Faculty Research and Publications by an authorized
administrator of Scholar Works at Harding. For more information, please
contact scholarworks@harding.edu.

Authors

Gretchen M. Spiess, Amanda Hausman, Peng Yu, Jerry D. Cohen, Rebekah A. Rampey, and Bethany K.
Zolman

This article is available at Scholar Works at Harding: https://scholarworks.harding.edu/biology-facpub/12

Auxin Input Pathway Disruptions Are Mitigated by Changes in Auxin Biosynthetic Gene
Expression in Arabidopsis
Author(s): Gretchen M. Spiess, Amanda Hausman, Peng Yu, Jerry D. Cohen, Rebekah A.
Rampey and Bethany K. Zolman
Source: Plant Physiology, Vol. 165, No. 3 (July 2014), pp. 1092-1104
Published by: American Society of Plant Biologists (ASPB)
Stable URL: https://www.jstor.org/stable/43191017
Accessed: 16-09-2019 17:29 UTC
REFERENCES
Linked references are available on JSTOR for this article:
https://www.jstor.org/stable/43191017?seq=1&cid=pdf-reference#references_tab_contents
You may need to log in to JSTOR to access the linked references.
JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide
range of content in a trusted digital archive. We use information technology and tools to increase productivity and
facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org.
Your use of the JSTOR archive indicates your acceptance of the Terms & Conditions of Use, available at
https://about.jstor.org/terms

American Society of Plant Biologists (ASPB) is collaborating with JSTOR to digitize,
preserve and extend access to Plant Physiology

This content downloaded from 192.133.129.4 on Mon, 16 Sep 2019 17:29:19 UTC
All use subject to https://about.jstor.org/terms

Auxin Input Pathway Disruptions Are Mitigated by
Changes in Auxin Biosynthetic Gene Expression in

Arabidopsis1[wl[OPEN1

Gretchen M. Spiess, Amanda Hausman, Peng Yu, Jerry D. Cohen, Rebekah A. Rampey,
and Bethany K. Zolman*
Department of Biology, University of Missouri, St. Louis, Missouri 63121 (G.M.S., A.H., B.K.Z.); Department of
Horticulture Science and Microbial and Plant Genomics Institute, University of Minnesota, St. Paul, Minnesota

55108 (P.Y., J.D.C.); and Department of Biology, Harding University, Searcy, Arkansas 72149 (R.A.R.)

Auxin is a phytohormone involved in cell elongation and division. Levels of indole-3-acetic acid (IAA), the primary auxin, are
tightly regulated through biosynthesis, degradation, sequestration, and transport. IAA is sequestered in reversible processes by
adding amino acids, polyol or simple alcohols, or sugars, forming IAA conjugates, or through a two-carbon elongation forming
indole-3-butyric acid. These sequestered forms of IAA alter hormone activity. To gain a better understanding of how auxin
homeostasis is maintained, we have generated Arabidopsis (Arabidopsis thaliana) mutants that combine disruptions in the
pathways, converting IAA conjugates and indole-3-butyric acid to free IAA. These mutants show phenotypes indicative of
low auxin levels, including delayed germination, abnormal vein patterning, and decreased apical dominance. Root phenotypes
include changes in root length, root branching, and root hair growth. IAA levels are reduced in the cotyledon tissue but not
meristems or hypocotyls. In the combination mutants, auxin biosynthetic gene expression is increased, particularly in the
YUCCA /Tryptophan Aminotransferase of Arabidopsisl pathway, providing a feedback mechanism that allows the plant to
compensate for changes in IAA input pathways and maintain cellular homeostasis.

The phytohormone auxin regulates cell elongation

and division. Indole-3-acetic acid (IAA) is the primary auxin, although related compounds have been

identified in plants and several synthetic compounds

produce auxin-like responses. IAA signaling affects

expression of thousands of genes (Paponov et al., 2008;

Simon and Petrásek, 2011), and nontranscriptional

activity, including changes in membrane transport,
regulates additional physiological responses (PerrotRechenmann, 2010; Simon and Petrášek, 2011). Plants

require auxin for root development, shoot apical
dominance, tropic responses, and flowering as well
as many other aspects of growth and development.
Auxin application to wild-type Arabidopsis (Arabi-

dopsis thaliana) roots increases lateral root formation
and decreases primary root length, although excess

1 This work was supported by the National Science Foundation
(Plant Genome Research Program grant nos. IOS-0923960 and I051238812 to J.D.C., MCB-1203438 to J.D.C., and IOS-0845507 to B.K.Z.),
the Minnesota Agricultural Experiment Station (to J.D.C.), the Gordon
and Margret Bailey Endowment for Environmental Horticulture (to
J.D.C.), and the University of Missouri Research Board (to B.K.Z.).
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The author responsible for distribution of materials integral to the
findings presented in this article in accordance with the policy described in the Instructions for Authors (www.plantphysiol.org) is:
Bethany K. Zolman (zolmanb@umsl.edu).
[w] xhe online version of this article contains Web-only data.
[open] Articles can be viewed online without a subscription.
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auxin leads to plant death. Mutants with low IAA

levels have decreased lateral root number and increased

primary root length (Evans et al., 1994; Rampey et al.,
2004; Strader et al., 2011).
As might be expected with the critical roles of this
hormone, IAA levels are tightly regulated through bio-

synthesis, degradation, and sequestration (Fig. 1A;

Korasick et al., 2013). These alternative strategies for LAA

metabolism seem to underlie the macroevolutionary

differences among land plants in the regulation of developmental processes, including embryo development

and meristem structure (Ester Sztein et al., 1999). LAA can
be synthesized de novo through pathways that are either

Trp dependent or Trp independent (Normanly, 1997;
Woodward and Bartel, 2005). In the best characterized
pathway, Trp is converted to LAA by Tryptophan Aminotransferase of Arabidopsisl (TAA1) and the YUCCA
(YUC) family of flavin monooxygenases (Mashiguchi
et al., 2011). IAA degradation occurs in a nonreversible
process, in which IAA is oxidized to oxindole-3-acetic
acid directly or by first being converted to LAA-Asp or
LAA-Glu (Normanly et al., 1995; Ljung, 2013).
Another mechanism to reduce the level of active

auxin in a cell is sequestration. The cellular auxin pool
includes both free LAA (the active signaling molecule)

as well as inactive precursors or conjugated forms

(Korasick et al., 2013). IAA can be stored in an inactive
state to allow for quick release or vascular transport or
prevent oxidative degradation (Cohen and Bandurski,
1982). Sequestration occurs by reversible processes, including addition of amino acids, peptides, or sugars.

1092 Plant Physiology ®, July 2014, Vol. 165, pp. 1092-1104, www.plantphysiol.org © 2014 American Society of Plant Biologists. All Rights

This content downloaded from 192.133.129.4 on Mon, 16 Sep 2019 17:29:19 UTC
All use subject to https://about.jstor.org/terms

A Feedback Loop to Mitigate Auxin Disruptions

Staswick et al., 2005). Dominant gh3 mutants have low

auxin phenotypes, including rolled leaves, smaller

leaves, and decreased lateral roots (Park et al., 2007).
Conjugates include linkages to Leu, Ala (Kowalczyk and
Sandberg, 2001), Val (Ludwig-Müller et al., 2009), Gly,
Phe (Pencflc et al., 2009), and Trp (Staswick, 2009). Other

conjugates, including IAA- Asp and IAA-Glu, seem to be
degradation precursors, because application to Arabidopsis does not promote auxin responses (Ljung et al.,

2002; Woodward and Bartel, 2005). Amidohydrolases

convert storage forms back to free IAA. In vitro, Indole-

3-Acetic Acid Alanine-Resistant3 (IAR3) and Indoles' Acetic Acid Leu-Resistant 1-Like2 (ILL2) hydrolyze

IAA- Ala to free IAA (LeClere et al., 2002). Indole-3-Acetic

Acid Leu-Resistantl (ILRl) and ILL2 hydrolyze LAA-Phe
and IAA-Leu to free IAA (Davies et al., 1999; LeClere
et al., 2002). ill2 ilrl iar3 triple mutants show decreased
lateral root formation and increased primary root length

(Rampey et al., 2004). Free IAA levels are reduced

(Rampey et al., 2004), suggesting the importance of this
input pathway for IAA homeostasis.
Methyl indole-3-acetic acid (MelAA) is made by es-

terification of a carboxyl group by indole-3-acetic
acid carboxyl methyltransferasel (IAMT1); Methyl
Esterasel7 (MES17) hydrolyzes MelAA to free IAA,
which is shown in feeding experiments (Qin et al.,
2005; Yang et al., 2008). IAMTl was identified by its

Figure 1. IAA homeostasis pathways. A, Free IAA levels are maintained in plant cells by several mechanisms, including de novo biosynthesis and oxidative degradation. IAA-conjugate hydrolases (a)
hydrolyze IAA conjugates to free IAA. IBA-response genes (b) are
necessary to metabolize IBA to free IAA. MelAA is converted to free
IAA by MES17 (c). B, Genes involved in IAA input pathways are differentially expressed throughout development, which was revealed by
the Arabidopsis eFP browser (Winter et al., 2007). Expression levels at
three stages are shown here as an example.

Additionally, indole-3-butyric acid (IBA), a two-carbon
elongation of IAA, has been described as an IAA input.
Gas chromatography-mass spectrometry analysis of
many plants, including Arabidopsis, tobacco ( Nicotiana
tabacum), soybean ( Glycine max), bean ( Phaseolus vulga-

ris ), rice ( Oryza sativa ), and maize (, Zea mays), has
identified IBA and conjugated forms of IAA (Cohen

and Bandurski, 1982; Slovin et al., 1999; Tam et al., 2000;

Walz et al., 2002; Normanly et al., 2010; Spiess and

Zolman, 2013). IBA is found at lower levels in plants
than IAA, leading to questions regarding its assignment
as a storage form (Strader et al., 2011; Hu et al., 2012),

and another study has reported that IBA was not

detected in Arabidopsis, aspen (Populus spp.), or wheat
(Triticum aestivum ; Novák et al., 2012). IAA conjugates
are found at high levels, especially in plants grown in
the presence of IAA (Bajguz and Piotrowska, 2009).
IAA-amino acid conjugates are formed by GRETCHEN
HAGEN3 (GH3) enzymes (Staswick et al., 2005). These
genes were identified as auxin inducible and maintain
auxin homeostasis at high IAA levels by conjugating,

hence inactivating, IAA (Hägen and Guilfoyle, 1985;
Plant

Physiol.

biochemical activity in vitro (Zubieta et al., 2003). An
iamtl-D dominant mutant causes curled leaves, and
IAMT overexpression disrupts gravitropic responses

and root elongation mediated by changes in auxin-

induced gene expression (Qin et al., 2005). The mesl7

mutant has increased hypocotyl length (Qin et al.,

2005; Yang et al., 2008). These results suggest a role for
IAMTl and MESI 7 in auxin metabolism. However,

MelAA has not been identified in plants (Qin et al.,
2005), and the importance of MelAA as an independent metabolite or a precursor for longer ester conjugates has not been established.

In Arabidopsis seedlings, IBA has been reported
to account for 25% to 30% of the total auxin pool

(Ludwig-Müller, 2000; Simon and Petrásek, 2011). The
mechanism for IBA synthesis is unknown; IBA may be

made similarly to IAA de novo biosynthesis or in a
process similar to fatty acid biosynthesis (LudwigMüller, 2000). Whereas IAA conjugates and MelAA

are converted to IAA in single-step processes, IBA is
converted to free IAA in a multistep process similar to

fatty acid /3-oxidation (Zolman et al., 2008; Strader
et al., 2011). Four enzymes have been proposed to
act in this pathway: Indole-3-Butyric Acid Responsei
(IBR1), IBR3, IBR10, and Enoyl-CoA Hydratase2 (ECH2).
Feeding experiments with labeled IBA showed that loss
of these enzymes directly disrupted IBA conversion to

IAA (Zolman et al., 2008; Strader et al., 2011). Mutants in

these four enzymes have defects in plant development,
including lateral rooting, vasculature patterning, and

root hair expansion, mediated by changes in auxin-

induced gene expression (Zolman et al., 2000; Strader
et al., 2011).
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Auxin input pathways are differentially expressed in

individual tissues and developmental stages (Fig. IB;

forms. These mutants are ill2 iar3 ibr3 and ill2 ilrl iar3
ibrl. We also made mutants with defects in mesl7 and

Winter et al., 2007). For example, ILR1, which hydrolyzes IAA-Leu and IAA-Phe to free IAA, is expressed
primarily in 2-d-old cotyledons, whereas IAR3 is pri-

IBA metabolism, mesl7 ibr3, as well as mesl7 and IAAconjugate hydrolases, mesl7 iU2 iar3, to determine the
importance of MES17-mediated metabolism. Together,

2004). IBA response genes are most highly expressed in
early seedling development but are expressed throughout the lifecycle (Zolman et al., 2008). MES17 expression
is low, with the highest levels in cotyledons and stems

but leave de novo biosynthesis functional (Fig. 1A).
Each mutation was confirmed by PCR-based geno-

marily expressed in vascular tissue (Rampey et al.,

(Yang et al., 2008). In addition, expression and activity of

these pathways are connected to environmental stress
conditions in many plant species (Titarenko et al., 1997;
Tognetti et al., 2010; Kinoshita et al., 2012; Woldemariam

et al., 2012; Salopek-Sondi et al., 2013).
Although details about the individual pathways have
been elucidated, we do not know how plants use each
pathway in combination to maintain auxin homeosta-

sis. When one auxin input pathway is lost, specific
auxin responses change (Table I). In this article, we

examine the overlapping roles of multiple pathways
producing IAA. Our data indicate that input pathways
work together to regulate IAA levels. Mutations in two
pathways lead to reductions in auxin levels with increasing disruptions to physiological responses. To compensate for low auxin levels, the plant then activates a
specific set of auxin-biosynthetic genes, including those
involved in de novo IAA biosynthesis.

these mutants ablate three potential IAA input pathways

typing (Supplemental Table SI) and analysis of root
length on exogenous auxins (Supplemental Fig. SI).

For instance, the il 12 iar3 ibr3 and ill2 iar3 ilrl ibrl

mutants showed resistance to root inhibition on IAA-

Ala and IBA, which was expected based on the parent
mutant phenotypes. mesl7 containing mutants were
confirmed by expression analysis (Supplemental Fig.

SI; data not shown).

Combination Mutants Disrupt Germination and

Seedling Development

Germination defects were observed in plants combining IBA metabolism and IAA-conjugate hydrolase
mutations (Fig. 2). Germination defects are not observed

in any of the parental lines (data not shown), indicating
that the combination of mutations in the input pathway

is responsible for the phenotype. Conversely, the mesl7
ill2 iar3 and mesl7 ibr3 mutants showed weaker germination defects (Supplemental Fig. S2), suggesting that
IBA and IAA conjugates play a larger role in germination than MES17 activity. Notably, the mutant lines
germinate to approximately wild-type levels overall but
RESULTS
show a delay in germination of 2 to 3 d.
To better understand the pathways influencing
ThisIAA
result suggests that either decreases in free IAA
levels, we made higher order mutants that disrupted
or accumulation of IBA or IAA conjugates to toxic
these pathways in combination (Table I). We levels
combined
are delaying germination in mutant seeds. The
defects in IBA metabolism and IAA-conjugate
germination
hydrodelays observed in the IBA metabolism/
lases to study the effects of losing these sequestration
IAA-conjugate hydrolase mutants were rescued with

Table I. Combination mutants used in this study were made by crossing previously characterized single and double mutants
Mutants

Mutation(s)

Description

ibr1a Arg -► Cys Short-chain dehydrogenase; disruption leads to

IBA response phenotypes in root elongation, lateral root init

ibr3b Glu -► Lys, splice site mutation Acyl-CoA dehydrogenase; disruption leads to
phenotypes in root elongation, lateral root initiation

mes 7 7e Transfer DNA (T-DNA) insertion Methyl esterase; disruption leads to increased hypocotyl
length and resistance to MelAA

/7/2 iar3d T-DNA in ILL2 IAA-conjugate hydrolases; disruption leads to resistance to IAA-Ala
T-DNA in IAR3

/7/2 ilr1d T-DNA in ILL2 IAA-conjugate hydrolases; disruption leads to resistance to IAA-Leu
Deletion in ILR1 and IAA-Phe

/7/2 iar3 ibr3 Triple mutant combining disruptions in IBA response
and IAA-conjugate hydrolysis

HI2 ilrl iar3 ibrl Quadruple mutant combining disruptions in IBA response
and IAA-conjugate hydrolysis

mes17 ¡112 iar3 Triple mutant combining disruptions in MelAA hydrolysis and
IAA-conjugate hydrolysis

mes /7 ibr3 Double mutant combining disruptions in MelAA hydrolysis
and IBA response

aZolman et al. (2008). bZolman et al. (2007). cYang et al. (2008). dRampey et al. (2004).
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Figure 2. Combination mutants with defects in IBA metabolism and IAA-conjugate
hydrolysis have germination delays. A and
B, Wild-type and i 1 12 iar3 ibr3 (A) or i 1 12 Uri

iar3 ibr1 (B) germination was measured on
media with no hormone, 3 fx m IBA, or 20
nM IAA. Data points are the averages from
three germination experiments. Values on d 2
to 4 for the mutants on no hormone or IBA
are significantly different than corresponding

lines grown on 20 nM IAA or the wild type
(P < 0.05). C, IAA rescues the /7/2 iar3 ibr3

germination defect in a concentrationdependent manner. D, The percentage of
plants germinated by d 3 for the wild type
and the /7/2 iar3 ibr3 mutant on no hor-

mone or increasing concentrations of IAA,
IBA, lAA-Ala, and IAA-Leu. n = 3; error bars
represent the se, and a to c indicate signif-

icant differences using one-way ANOVA

(P< 0.05). Wt, Wild type.

low amounts of exogenous IAA (Fig. 2, A and B) in aIBA play a role in apical hook development. Conconcentration-dependent manner (Fig. 2C). Control
versely, the mesl7 ill 2 iar3 and mesl7 ibr3 mutants
showed apical hook curvature, suggesting that IAA
experiments using a low concentration of IBA or auxin
derived by MESI 7 is less important for this aspect of
conjugates (Fig. 2; Supplemental Fig. S2) did not rescue
the germination delays. To determine if a buildup of
seedling development.
IAA conjugates or IBA was contributing to germina- Because of the positive feedback loop between auxin
and ethylene, we tested ethylene sensitivity for all mution defects, germination was tested on wild-type and
tants. taal was used as a control with elongated roots
mutant seeds using increasing concentrations of IAAAla, IAA-Leu, or IBA. Wild-type seed germination was
in the presence of 1-aminocyclopropane-l-carboxylic
only minimally disrupted by addition of these comacid (ACC) compared with the wild type (Stepanova
et al., 2008). Percent root length was unchanged in the
pounds and not in a concentration-dependent manner
mutant lines compared with the wild type (Fig. 3B),
(Supplemental Fig. S2B). Mutant germination rates
were specifically rescued by IAA but not significantly
consistent with the idea that ethylene specifically af-

fects the de novo auxin biosynthesis pathway (He
affected by addition of other compounds (Fig. 2D;

et al., 2011; Zheng et al., 2013).
Supplemental Fig. S2, C-E). These results suggest that
the germination defects are primarily caused by de-

creases in free IAA levels.

Combination Mutants Alter Root Morphology

Auxin is required for apical hook initiation and

maintenance in etiolated seedlings. Apical hook initi- IAA influences both primary and lateral root growth.
Under high levels of auxin by either endogenous production or application, roots show decreased primary
IAA levels, including the auxin biosynthesis mutant
taal tryptophan aminotransferase 2 ( tari ; Stepanova et al.,
root length but increased lateral rooting. These pheno2008; Vandenbussche et al., 2010; Strader et al., 2011).
types are observed in the yuclD mutant, which overApical hooks were examined in all mutants. The
expresses YUCl, causing the plant to have elevated free
mutants defective in both IBA metabolism and IAAIAA levels (Zhao et al., 2001). Conversely, mutants with
conjugate hydrolases, ill2 iar3 ibr3 and ill2 ilrl low
iar3 free IAA levels, such as the ill2 ilrl iar3 conjugate

ation and maintenance are lost in mutants with lower

ibrl, had decreased apical hook curvature (Fig. hydrolase
3A).
triple mutant, have an increased primary root
These mutants had open apical hooks compared withlength
the
and decreased number of lateral roots (Rampey
al., 2004).
parental lines, indicating that both IAA conjugateset
and
Plant

Physiol.

Vol.
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To determine if the combination mutants had root

defects, primary root length and lateral root forma-

tion were evaluated. The ill2 ilrl iar3 ibrl, ill 2 iar3 ibr3,

mesl7 ill2 iar3, and mesl7 ibr3 mutants all showed an
increase in primary root length (Fig. 4A) that was rescued by application of low levels of auxin (Supplemental
Fig. S3A). Additionally, the mutants had decreased lateral root density (Fig. 4B; Supplemental Fig. S3B), although changes in lateral root number were rescued by
the synthetic auxin 1-napthaleneacetic acid (Supplemental

Fig. S3C). These results further suggest that the mutant plants have decreased auxin levels. Because both

the ill2 iar3 ibr3 and ill2 ilrl iar3 ibrl mutants showed

phenotypes similar to the ibr3 single mutant, IBA metabolism seems to play the largest role in lateral root

initiation.

To further evaluate the role of these input pathways
on root development, root hair length was measured
on 5-d-old seedlings. Both ill2 ilrl iar3 ibrl and ill2 iar3
ibr3 have shorter root hairs (Fig. 4C). Although the
mesl7 ill2 iar3 and mesl7 ibr3 mutants show small

changes in root hair length, the phenotype is less se-

vere than the ill2 ilrl iar3 ibrl and ill2 iar3 ibr3 mutants,

suggesting that the IAA-amino acid conjugate and IBA
sources of IAA play a role in root hair elongation.
Combination Mutant Phenotypes Continue into

Adult Development

Mutants combining IAA-conjugate hydrolase and

IBA metabolism defects had small breaks in leaf vein

patterning (Fig. 3C). This phenotype was seen in

slightly more than one-half of the cotyledons examined, significantly more than in wild-type plants or

parental lines. Similar vein patterning defects are

common in auxin mutants, particularly those disrupt-

ing de novo auxin biosynthesis and auxin transport
(Cheng et al., 2007; Scarpella et al., 2010; Péret et al.,
2012). Potential changes in IAA levels based on re-

duced IAA input pathways in the ill2 ilrl iar3 ibrl and
ill2 iar3 ibr3 mutants may be causing decreases in IAA

levels that result in discontinuous veination. This

phenotype was rescued by growth of seedlings on

20 nM IAA (Fig. 3C), further suggesting the vasculature

pattern defects are caused by low endogenous IAA

concentrations.

old seedlings grown on no hormone or 0.2 /¿m ACC. Data are shown as

Figure 3. Combination mutants have phenotypes indicative of low
auxin levels. A, Combination mutants have defects in apical hook
maintenance compared with the wild type. Apical hooks were measured on seedlings grown 1 d in the light and 4 d in the dark. ImageJ
software was used to measure the apical hook angle. Inset, One representative wild-type plant and one representative iar3 i 1 12 ibr3 plant,

n > 15; error bars represent se, and a to c indicate significant differ-

ences using one-way ANOVA (P < 0.05). B, Combination mutants
show wild-type sensitivity to ethylene. Roots were measured from 5-d-

1096

Plant

percent root growth compared with no hormone controls. A taal
single mutant is included as an ACC-resistant control, n > 10; error
bars represent se. *, Statistically significant result by Student's t test
compared with the wild type under the same conditions (P < 0.05). C,

Combination mutants have breaks in vasculature tissue that could be

rescued by IAA application; 7-d-old cotyledons were cleared and
imaged after growth on media with no hormone or supplemented with
20 nM IAA. The graph shows the percentage of plants with cotyledon
breaks. Inset, One representative wild-type leaf and one i 1 12 iar3 ibr3

leaf. The arrow indicates a break in vein pattern, n > 35; a to d indicate significant differences using one-way ANOVA (P < 0.05).
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Figure 4. Combination mutants have root phenotypes consistent with defects in auxin responses. A, Combination mutants were
grown on media without hormone, and root length was measured. B, Mutants were grown without hormone and have fewer
lateral roots. Root density is the number of lateral roots per millimeter of primary root length. For A and B, n > 15; error bars
represent se, and a and b indicate significant differences using one-way ANOVA (P< 0.05). C, Roots were imaged from 7-d-old
seedlings, and root hair length was measured using ImageJ software. Results shown are representative of four experiments.
Insets, One representative wild-type plant and one representative mutant plant.

The two combination mutants disrupting IBA me-

tabolism and IAA-conjugate hydrolases have adult
phenotypes, including decreased apical dominance

and a slight delay in flowering time (Fig. 5, A and B).
These phenotypes also are indicative of low free IAA
levels in the plant. Many of the leaves in the ill2 ilrl
iar3 ibrl mutant are rolled (Fig. 5C). Although all the

mutants and the wild type displayed a few curled

leaves, the ill2 ilrl iar3 ibrl mutant had a significantly
higher ratio of curled leaves to total number of leaves.

by evaluating silique length, number of seeds, and

number of aborted embryos (Fig. 5F; data not shown).

The mesl7 ibr3 and mesl7 ill 2 iar3 mutants do not have

any adult phenotypes compared with their parental

lines.

IAA Levels Are Decreased in Combination Mutants

The phenotypes associated with these mutants suggested that the IAA-conjugate hydrolase/IBA-response
auxin levels, including iamtl-D and auxin resistant3combination
(Qin
mutant plants had reduced IAA levels. We
et al., 2005; Pérez-Pérez et al., 2010), suggesting that this
measured free IAA levels in seedlings, separating storphenotype is a result of changes in auxin levels inage
thetissues (cotyledons) and growing tissue (meristems

Rolled leaves are seen in other mutants with altered

plant. However, whether this phenotype is directly
plus hypocotyls). Free IAA levels were reduced in
caused by altered IAA levels or buildup of IAA cotyledons
conin mutants combining IAA-conjugate hyjugates or IBA in the leaf is unknown. Notably, many
drolases and IBA metabolism disruptions (Fig. 6). However, the mesl7 ill2 iar3 and mesl7 ibr3 did not show
aspects of development remain generally unchanged
a decrease in free IAA levels. The IAA measurements
in the mutants, including fertility, rosette diameter,
and plant height (Fig. 5, D-F). Fertility was examined
from the growing tissue were not statistically different
Plant

Physiol.

Vol.
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2014
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Figure 5. Combination mutants have altered adult development. Phenotypic responses were examined for the wild type and
combination mutants after being grown under continuous light at 22°C, including the number of apical stems (A), the number of

days until bolting (B), the ratio of curled leaves to normal rosette leaves (C), rosette diameter (D), and plant height (E). F, Silique
length was examined as one indicator of fertility by measuring the length of siliques 5 to 8 at maturity. Insets, One representative
wild-type plant and one representative mutant plant. A to E, n > 1 5; F, n > 30. a to c, Significant differences using one-way
ANOVA (P < 0.05).

between the wild type and mutants (Supplemental Fig.Auxin
S4). Biosynthesis Gene Expression Is Activated in

to Altered Auxin Homeostasis
This finding may be because de novo biosynthesisResponse
is
more important for IAA maintenance in the growing
We hypothesized that other IAA input pathways are
tissue, whereas cotyledons act more as storage organs.
up-regulated
to compensate for the loss of IAA storage
Because cotyledons act as storage organs, the storage
metabolism.
Quantitative
PCR was performed to anforms of IAA may be more important for maintaining
alyze gene expression of different IAA biosynthetic
IAA levels in cotyledons.
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showed somewhat increased expression, although IBR1
and IBR3 levels were unchanged (Fig. 7C). In the mesl7
ibr3 mutant, levels of the conjugate hydrolase IAR3 also
were increased (Fig. 7C).

DISCUSSION

Auxin responses are regulated at three interde

dent levels: homeostasis, directional transpor

Figure 6. Reduced levels of free IAA are seen in combination mutants

defective in IBA metabolism and IAA-conjugate hydrolysis; 5-d-old
cotyledon tissue was collected, and free IAA levels were measured
using gas chromatography-mass spectrometry, n > 6; error bars represent se. a to c, Significant differences using one-way ANOVA (P <
0.05). f.w., Fresh weight.

pathways. In lines combining IBA metabolism and
IAA-conjugate hydrolase mutations, expression of
YUC and TAA genes was higher, indicating an increase

in this main biosynthetic pathway (Fig. 7). TAA1,

TAR2, YUC2, and YUC4 are significantly up-regulated
(Fig. 7A). Interestingly, YUC3, YUC7, YUC8, and YUC10
were not up-regulated in the mutants, suggesting specificity in how gene expression changes in response to
low auxin levels.

signaling. The general term homeostasis include
synthesis, oxidative degradation, and auxin mod
tions. Combined with transport, these factors m
the precise levels of auxin desirable in a cell bas
cell type, developmental stage, and environment
ditions. Specific transcriptional activation and r
sion pathways occur based on the level of free
an individual cell, leading to physiological chang
plant growth and development. In this article,
cused on the potential IAA input pathways apart
biosynthesis, allowing us to determine the specif
overlapping roles of input pathways on auxin
and physiology.
Modified forms have auxin-like activity in assay
act primarily by their conversion to free IAA.
exceptions have been suggested: IBA has increas
ficacy over IAA for some processes, including a
titious rooting (Ludwig-Müller et al., 2005), and

lateral root initiation seems to be independ

or in addition to IBA conversion to IAA (Chhun
et al., 2003; Strader et al., 2011). Furthermore, chang-

ing free IBA levels independent of IAA changes in
plants overexpressing the URIDINE DIPHOSPHATE

The up-regulation of genes involved in de novo bioGLYCOSYLTRANSFERASE74E2 IBA-conjugating enzyme
synthesis implies that a feedback loop is maintaining
connects shoot morphogenesis to IBA activity (Tognetti
et al., 2010). However, the primary activity of IBA and
auxin levels under changing conditions. To better understand how regulation of these auxin biosynthesis
IAA conjugates seems to be based on conversion to
IAA, because conversion mutants lose responses to the
genes occurs, we tested expression of several known
storage compound. These modified structures cannot
regulators of auxin biosynthesis genes. Interestingly,
directly facilitate IAA signaling. Transport of these
PLETHORA5 (PLT5), a member of the PLT family of
also is distinct from IAA transport streams
transcription factors, showed increased expression, molecules
al(Strader and Bartel, 2011; Korasick et al., 2013). The
though PLT3 and PLT7 family members did not (Fig. 7B).
regulated conversion of storage compounds to free IAA
As recently shown by Pinon et al. (2013), PLT transcription
may allow for an extended or controlled auxin response
factors regulate YUC gene expression, including YUC4.
We also examined expression of STYLISH1 ( STY1 ), distinct
a
from the rapid changes associated with activaknown controller of YUC4 expression (Eklund et al., 2010),
tion of transport or signaling pathways.
Individual pathways contribute to specific physioand TERMINAL FLOWER2 ( TFL2 ), which regulates
logical responses in unique ways. For example, the
expression of several YUC genes (Rizzardi et al., 2011),
ech2 ibr3 ibrl ibrlO mutant disrupting IBA responses
but found that neither STY1 nor TFL2 expression was
has defects in cotyledon expansion not seen in the ill2
significantly affected (Fig. 7B).
Uri iar3 mutant disrupting three conjugate hydrolases
In addition to biosynthesis pathways, we also checked
(Rampey et al., 2004; Strader et al., 2011). Similarly,
gene expression in the other input pathways. For inmesî7 has a moderate hypocotyl elongation defect
stance, in mutants disrupting IBA-response genes and
(Yang et al., 2008) not seen in lines disrupting other
IAA-conjugate hydrolases, auxin biosynthesis pathway
activation would increase IAA levels, but an MelAAinput pathways. The genes encoding proteins probased conversion to IAA also could be increased (Fig. 1). moting auxin production are expressed throughout
Indeed, MES17 expression was increased in the mu- growth and development, with no obvious connection

tants, providing an additional pathway to maintain
IAA levels (Fig. 7C). Similarly, in the mesl7 ill2 iar3

mutant, ECH2, one of four known IBA-response genes,
Plant

Physiol.

to specific physiological outputs (Fig. IB). However,

proteins could be regulated in a developmental-

specific or environmental-specific manner, leading to
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Figure 7. Biosynthesis genes are up-regulated

in combination mutants. Expression analysis was performed using quantitative PCR of

IAA de novo biosynthesis genes (A), YUC
regulators (B), other IAA input pathways
(C), and one gene involved in auxin signaling and one gene, involved in transport
(D). Expression is shown relative to the wild
type, and transcript levels of target genes
were normalized to expression of Ubiquitin

10 (At4G05320). n > 3; error bars represent se. a to c, Significant differences using

one-way ANOVA (P < 0.05).

activation and auxin increases in individual cells.

Supplemental Fig. S3). In addition, we saw changes in

Organelle location also separates auxin pools,
root
and
hair number and length (Fig. 4). These results
support
changing import or metabolism may contribute
toa role for both input pathways in controlling

specific responses (Simon and Petrášek, 2011). The
rootfact
architecture. Combining IBA response and IAA-

that each pathway does play a unique role conjugate
would
hydrolase defects also led to changes in

suggest one reason why multiple IAA input pathways
adult growth, including flowering time, vascular de-

are required. Each pathway has become somewhat
velopment, and leaf shape (Figs. 3 and 5). As sug-

specialized, perhaps in conjunction with othergested
devel-by experiments in which phenotypic responses
opmental or metabolic pathways or in a plant-specific
were alleviated by auxin application, mutant disruptions resulted from reduced auxin levels (Fig. 6). Almanner, to aid the plant in maintaining the appropriate cellular auxin levels. Another reason is redunthough there is some specificity based on the pathways
that are feeding into the pool, the overall auxin level is
dancy, because having multiple auxin input pathways
guarantees that a plant will be able to regulate
critical,
the and the IAA-conjugate hydrolase and IBA recritical hormone, even if one pathway is disrupted.
sponse pathways are interacting to affect auxin levels.
Examining higher order mutants disrupting input
Combining these defects led to changes in plant
pathways has allowed a better understanding of
growth
how and response not seen with mutations in either
homeostasis is maintained. Mutant plants had develpathway alone, even in lines with stronger disrupopmental phenotypes indicative of changes to the
tions,
IAA suggesting that these pathways are together
pool, ill 2 iar3 ibr3 and ill2 ilrl iar3 ibrl mutants
contributing
had
to the auxin pool. It is important to note
that
the mutant lines that we chose may retain some
germination defects that were alleviated by low
concentrations of IAA (Fig. 2), suggesting that IAA
activity.
de- Both ibr3-l (Zolman et al., 2007) and ibrl-2
rived from these modified forms is contributing
(Zolman
to
et al., 2008) alleles have phenotypes similar to
seed germination. Combination mutants had insertion
altered alleles, suggesting a null response. However,
root length and lateral root initiation defects
ibr3
that,
and ibrl have weaker phenotypes than other muagain, were rescued by auxin application (Fig.
tants
4; disrupted in the IBA-to-IAA conversion pathway
1100
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(Spiess and Zolman, 2013). This response may explain
partial effects in germination assays, where IBA could
slightly rescue the mutant phenotypes (Fig. 2). In addition, unrelated mutations in the mutant backgrounds

because YUC7 , YUC8, and YUC9 are less active in auxin

biosynthesis than YUC2 and YUC4 or because these

genes are more responsive to low auxin levels in these
cells. These expression changes are increasing the pricould be combining to contribute to the triple and
mary biosynthetic pathway combining YUC and TAA
(Mashiguchi et al., 2011) and would indicate that the
quadruple mutant phenotypes. However, use of these
plant is able to sense and respond to the low IAA levels
single mutants was a conscious choice, designed to
caused by these mutations, providing a feedback mechremove potential negative consequences of stronger
anism to reduce disruptions from too little auxin in
phenotypic disruptions in the individual pathways that
a cell. The regulation of specific YUC / TAA genes recould complicate analysis of the additive responses
veals a degree of specificity in this response. Gene ex(Strader et al., 2011), and other crosses using these lines
have not revealed hidden mutations. Furthermore, two
pression of IAA18, acting in auxin signaling, and AUXIN
RESIST ANTI ( AUX1 ), an auxin transport component,
different combinations disrupting IBA-response genes
were not affected (Fig. 7D).
and IAA-conjugate hydrolases show similar responses.
We also investigated potential mechanisms for how
Because the phenotypes seen in these combination
mutants were distinct from mutants with additional
plants regulate these specific biosynthetic enzymes.
PLT5, one member of the PLT family of transcripdisruption of the individual pathways, we can begin
tional regulators, was significantly up-regulated (Fig. 7).
examining the effects of a combined disruption. AlterChanges in PLT regulators could be directly contribnatively, analysis of MES17 is complicated by the presence of other esterases that could be acting on similar
uting to increased YUC expression. YUC1 and YUC4
expression levels were reduced in plt3 plt5 plt7 triple
targets, including MESI , MES2, MES7, and MES18
mutants (Pinon et al., 2013). Furthermore, YUC4 tran(Yang et al., 2008). Although MES17 has reported acscript levels increased quickly after activation of an
tivity on MelAA (Yang et al., 2008), additional higher
inducible PLT5 construct (Pinon et al., 2013). Details on
order mutants may be required for full understanding
the potential connections between PLT5 and other
of this pathway.
YUC genes have not been explored. Additional analAlthough many aspects of auxin metabolism are afysis will be necessary to determine how these biosynfected by these changes in auxin input pathways, other
thetic pathways are up-regulated. Analysis of known
pathways are not affected. The plants are generally
transcription
factor binding sites (Chang et al., 2008) did
healthy (Fig. 5). Gravitropic responses were normal
in
not reveal obvious inducers.
all mutants (Supplemental Fig. S 5). Variation in auxin
levels, similar to those seen between cotyledons and In addition to IAA biosynthesis pathways, MES17 expression was up-regulated in the mutants combining
hypocotyls (Fig. 6; Supplemental Fig. S4), may allow
disruptions of IAA-conjugate hydrolases and IBAsignaling pathways to generate normal physiological
response enzymes, and IAR3 is up-regulated in the mesl7
responses in specific root cells, including gravitropic
ibr3 mutant (Fig. 7D). These results indicate that, in adresponses, whereas other processes are disrupted (Fig. 4).
Such variation could result from alterations in auxin

dition to biosynthesis pathways, input pathways can also
respond to changing IAA levels and be used to help a
homeostasis or transport for instance. In addition, although
plant respond to and maintain the appropriate IAA levels.
a quadruple mutant disrupting IBA-response genes

In some cases, mutants that disrupt one input pathway
showed cell expansion defects (Strader et al., 2011),
seem to be hypersensitive to other sources of auxin
these mutants showed no changes in pavement cell

(Supplemental Fig. SI), most notably ill2 iar3 on media
growth (data not shown). In this case, the strong discontaining IBA. One hypothesis for this response is that
ruption of IBA-to-IAA conversion in specific cells may
these sources now are contributing more highly to the
be more relevant than the general changes in IAA
auxin pool in these mutants; examination of the levels of
levels in combination mutants. Alternatively, in some
cases, the phenotypic defects seem contradictory each
to form of auxin in these mutant lines will be revealing:
Mutations in input pathways led to increased MES17
previous studies. The ill2 ilrl iar3 ibrl mutant has rolled

expression, consistent with the idea that MESI 7 is
leaves (Fig. 5). Because this phenotype is more comconverting an auxin storage form to IAA. Altering
monly associated with mutants having increased IAA

MES17 expression causes phenotypic responses conlevels (Pérez-Pérez et al., 2010), its presence here may be

sistent with changes in auxin metabolism (Qin et al.,
because of accumulation of the IAA conjugates or IBA.
The effects of these mutations are moderated2005;
by Yang et al., 2008). However, the specifics of this
are not known. Loss of MES17 in conjunction
changes to de novo biosynthesis pathways (Fig. 7). reaction
By
with IBA-response pathways or IAA-conjugate hyexamining which enzymes the plant up-regulates when
IAA sources are limited, we can determine the enzymes
drolase pathways produced a less dramatic phenotype
than that in mutants disrupting other auxin input pathmost important and /or rate limiting for maintaining
ways, which may indicate that this pathway is less
auxin levels. For example, in the ill2 ilrl iar3 ibrl mu-

active or more specific, perhaps at a developmental
tant, we saw that YUC2 and YUC4 are up-regulated

or environmental level, than the others in its contribubut YUC7, YUC8 , and YUC9 are not, indicating that,
tions
under these conditions, YUC2 and YUC4 are playing
a to overall auxin levels. Alternatively, as described
other esterases (Yang et al., 2008) may be able to
larger role in regulating IAA biosynthesis. This mayabove,
be
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compensate for loss of MESI 7. Finally, changes in gene

expression were apparent in the mesl7 combination
mutants (Fig. 7), which may normalize auxin levels in
these plants (Fig. 6), resulting in fewer physiological

yield mesl7 ibr3. All mutants are in the Columbia background. For simplicity,
mutant names are shown without allele designation. Mutant genotypes were
confirmed using PCR analysis of base pair changes or the presence of T-DNA

insertions (Supplemental Table SI), taal (SALK_022743C) lines were used as a
control for ACC experiments.

changes.

Although these compounds have been recognized as
contributing to auxin pools, largely by genetics and
metabolite analysis, other compounds may be more
relevant to plant physiology. Notably, MelAA has not
been detected in plants, which may be attributed to low

abundance or rapid turnover (Qin et al., 2005) or be-

cause MelAA is an intermediate in an esterification

Phenotypic Analysis
Seeds were surface sterilized and suspended in agar for plating. Seedlings
were grown on plant nutrient media with 0.5% (w/v) Sue (PNS; Haughn and

Somerville, 1986). Micropore surgical tape was used to wrap plates before
incubation at 22°C in continuous light. All plates containing hormones were
incubated under yellow-filtered light. Except for germination studies, sterilized

seeds were imbibed in 0.1% (w/v) agar at 4°C for 3 d to promote germination.

To measure apical hooks, seedlings were grown for 1 d in the light followed
pathway. Similarly, IBA has been found in many plants
3 d in the dark. Seedlings were imaged using a dissecting scope, and hook
but often at amounts similar to or less than freebyIAA,
angles were measured using ImageJ software.
which is unexpected for a storage molecule; IBA may
Root length was measured after growth on PNS or indicated concentrations
not be the relevant substrate but may be an intermediof IAA, IBA, or IAA-Ala for 10 d. For lateral root measurements, plants were
grown on PNS for 10 d. The number of lateral roots was counted using a Leica
ate in metabolism or biosynthesis (Spiess and Zolman,
Zoom
2013). Alternatively, as described above, IBA may
be2000 Microscope. Data are shown as lateral root density (number of
lateral roots per millimeter of root length). For lateral root induction experiacting independently of IAA conversion in some
rements, plants were grown on media without hormone for 4 d before transfer
sponses. Finally, IAA peptides similarly may playto into
1-napthaleneacetic acid-containing plates. Root hair length was measured
these pathways either in addition to or as indicated
by
similar
to method by Strader et al. (2011). Plants were grown for 7 d and
imaged.
IAA amino acids. Additional studies are necessary
to Root hair length was measured and counted using ImageJ software.
For vein patterning, seedlings were grown for 7 d on media with no added
define the specific metabolic pathways, but our results

hormone or media supplemented with 20 nM IAA. Cotyledons were removed

provide support that the input pathways andfrom
these
the seedling and cleared according to the work by Sieburth (1999).

enzymes are feeding into IAA homeostasis.

To measure ethylene responses, root length was measured after plants were

grown
The overall context of these three inputs must now
be vertically

supplemented
addressed in the context of other pathways, including

for 4 d in the dark on media containing no hormone or
with 0.2 /jlm ACC. Percent root growth was calculated relative

to no hormone.

transport. Auxin levels also are coordinated byFor
the
adult phenotypic assays, plants were grown on PNS for 10 d and then

amount of auxin degradation as well as additional
se- to soil under continuous light at 22°C. Apical stems were counted
rescued
questration pathways, including IAA-ester conjugates
10 d after bolting for each plant. Rosette diameter was measured on the day of
such as IAA-Glc (Woodward and Bartel, 2005). Inbolting,
par-and rolled leaves were determined by dividing the number of rolled

leaves by
ticular, understanding the connections to Glc conjugates

the total number of leaves in the rosette. Plant height is indicated as
the height from the rosette to the top of plant and was measured 15 d after
requires the identification of enzymes that convert
bolting. Silique length was determined by measuring the lengths of siliques 5
glycosylation forms back to free, active IAA; such
to 8 enfor each plant.

zymes have been characterized in other species, in-

cluding Z. mays (Hall and Bandurski, 1986; Kowalczyk

RNA Extraction and Expression Analysis
and Bandurski, 1990; Jakubowska et al., 1993; Kowalczyk

et al., 2003; Jakubowska and Kowalczyk, 2005). Another
Fifteen

5-d-old seedlings were placed in a 1.5-mL tube and frozen in liquid
was extracted from the tissue using the IBI Mini Total RNA Kit
(Plant; MidSci). Levels of desired transcripts were measured with the BioRad

nitrogen. RNA
complication is the further modifications of these forms,

including IBA amino acid (Campanella et al., 2004) and

CFX96 Real Time PCR System using SsoAdvanced SYBR Green Supermix. No

sugar (Korasick et al., 2013) conjugates as well
as
reverse transcriptase and no template were used as negative controls for all

MelAA-Glc (Narasimhan et al., 2003). Finally, although
reactions, and all samples were normalized to expression of Ubiquitin 10
(At4G05320). Primers for each gene were designed using QuantPrime
sequestration pathways are important in auxin home(Supplemental
ostasis, auxin biosynthesis also plays a clear role
in

Tables SI and S2). All samples were done as biological triplicates, and each biological replicate was performed in technical triplicate.

auxin homeostasis and must be incorporated. Future
studies will be necessary for full understanding of the
IAAinQuantification
pathways that influence IAA levels and how they
teract under normal growth and development as well
Meristem plus hypocotyl tissue or cotyledons were removed from the plant,
as during changing environmental conditions. weighed for a mass greater than 2 mg, frozen in liquid nitrogen, and stored at
-80°C; 2 to 5 mg of frozen tissue was then homogenized in 20 fiL of ho-

MATERIALS AND METHODS

mogenization buffer (35% [v/v] 0.2 m imidazole, 65% [v/v] isopropanol, pH 7)
containing 0.2 ng of [13C6]IAA, and purification and quantification were done
according to the works by Liu et al. (2011, 2012). Briefly, the plant extract was
purified by weak anion exchange and affinity solid-phase extraction. Final

eluent was methylated and analyzed by gas chromatography-selected

Mutant Analysis

reaction-monitoring mass spectrometry. Quantification was achieved by

comparing
the signal from endogenous IAA with that of an internal standard.
The single mutants iar3-6, U12-2, ilrl-5, ibrl-1, ibr3-l, and tnesl7
(Salk_092550)
and double mutants il 12-2 iar3-6 and ill2-2 ilrl-5 were previously characterized
(Table I). ///2-2 iar3-6 was crossed with ibr3-l to make the ill2 iar3 Sequence
ibr3 mutant.
HÏ2-2
data from
this article can be found in The Arabidopsis Information
iar3-6 was crossed with H12-2 ilrl-5 and then ibrl-1 to make the ill2 ilrl iar3 ibrl
Resource and GenBank (National Center for Biotechnology Information) data-

mutant. The mesl7 single mutant was crossed with H12-2 iar3-6 to make thebases. Accession numbers for the genes discussed are listed in Supplemental
mesl7 ill2 iar3 mutant. The mesl7 and ibr3-l single mutants were crossed toTables SI and S2.

1102

Plant

Physiol.

Vol.

165,

This content downloaded from 192.133.129.4 on Mon, 16 Sep 2019 17:29:19 UTC
All use subject to https://about.jstor.org/terms

2014

A Feedback Loop to Mitigate Auxin Disruptions

Supplemental Data

Jakubowska A, Kowalczyk S (2005) A specific enzyme hydrolyzing 6-0
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